Recent advances in metabolomic and genome mining approaches have uncovered a poorly understood metabolome that originates solely or in part from bacterial enzyme sources. Whether living on exposed surfaces or within our intestinal tract, our microbial inhabitants produce a remarkably diverse set of natural products and small molecule metabolites that can impact human health and disease. Highlighted here, the gut microbe-derived metabolite trimethylamine N-oxide has been causally linked to the development of cardiovascular diseases. Recent studies reveal drugging this pathway can inhibit atherosclerosis development in mice. Building on this example, we discuss challenges and untapped potential of targeting bacterial enzymology for improvements in human health.
Many centuries have passed since the seminal discovery of microorganisms by Hooke and van Leeuwenhoek (1) and the subsequent game-changing postulates put forth by Koch (2) for demonstration of a causal role for microorganisms in infectious diseases. Recently, there has been a rapid advancement in our appreciation of the undeniable association between commensal microorganisms (bacteria, archaea, viruses, and other eukaryotes) and both physiological processes critical to our health and human disease susceptibility (3) (4) (5) . Despite this, with the exception of antibiotics and vaccines, there has been an unfortunate gap in the development of therapies that leverage this newfound appreciation by selectively targeting microorgan-isms for improvement of health in the human host. This is because we are still only in our infancy of understanding the mechanisms by which human resident microorganisms impact normal host physiology and human disease.
Recent research at the microbiome-host interface has been dominated by genomic or metagenomic sequencing approaches, which have allowed a near comprehensive cataloguing of what types of microorganisms are present in different compartments of the human body. At the same time, advances in the fields of mass spectrometry and computational biology have allowed for the identification of natural products and metabolites that originate solely or in part from bacterial sources (Fig. 1 ). In addition to the growing list of bacterially derived metabolites, it has long been understood that the host immune system can selectively recognize microbe-associated molecular patterns (MAMPs) 3 via cognate pattern-recognition receptors on host immune cells (6, 7) . Even though we now understand what types of microbes are present, some of the metabolites they produce, and what MAMP repertoire they possess, there are very few examples of where this information has been leveraged into human-relevant therapeutics. Hence, the purpose of this review is to highlight the potential for targeting microbial enzymology for improvement of human health. Here, we discuss the current state of knowledge surrounding drug discovery in the microbiome space, with particular focus on promising developments in the field of cardiovascular disease (CVD). We also critically discuss the untapped potential of transitioning away from currently favored non-selective microbiome therapeutic approaches (prebiotics, probiotics, antibiotics, fecal transplantation, etc.) to instead utilize non-lethal small molecules to manipulate microorganism-host interactions. Discussion here is intended to highlight the few known examples of microbiome-targeted small molecule therapeutics and to provide a framework for future investigation in this area.
Challenges and opportunities in microbiome-targeted drug discovery
The advent of high throughput sequencing, either by classic 16S ribosomal RNA taxonomic approaches or by more recent metagenomic deep sequencing, has allowed for the cataloguing of microorganisms that are present in a sample without the need of culturing (8, 9) . Large international microbiome research consortia have leveraged such methodology to reveal that healthy humans are inhabited by a multitude of different species of gut bacteria, and microbial diversity can be dynamically altered by a number of variables, including age, host genetics, diet, and antibiotic exposure (5, 10 -12) . More importantly, enhanced proportion or absence of certain microbial taxa is associated with a number of human diseases, including obesity (13) (14) (15) (16) (17) , diabetes (18 -20) , alcoholic and non-alcoholic fatty liver disease (21) (22) (23) (24) , cancer (25) (26) (27) , osteoporosis (28, 29) , hypertension (30, 31) , autism (32, 33) , autoimmune diseases (20, 34, 35) , CVD (36, 37) , and likely many others. Undoubtedly, high throughput sequencing approaches have uncovered a number of compelling microorganism-disease links. However, how to move from association to causation remains a daunting challenge.
A major limitation that persists with culture-independent taxonomic sequencing approaches is that many disease associations are made at the broad level (e.g. phylum, class, order, or genus) and not at the species or strain level. Moreover, there are many examples where operational taxonomic units within a taxon negatively associate, whereas some others positively associate, with disease phenotypes. This makes disease associations above the species level extremely difficult to interpret because many taxa are lumped together in a microbe-disease association. In addition to this lumping issue, DNA-based metagenomic approaches have inherent biases that limit the ability to fully understand druggable microbial function. Current limitations in DNA-based metagenomics are based on variable amounts of DNA isolated from the source sample, DNA frag-mentation biases, PCR amplification biases, and sequencing and read mapping bias (8) . Given these limitations with genomic sequencing methods, and the fact that many microbial gene products are only expressed under certain conditions, additional approaches are desperately needed.
To identify robust microbiome drug targets, it will be most informative to look beyond what taxa or genes are present and instead to investigate what genes are being expressed and, most importantly, what the gene products are doing to impact host disease. Although methodology is still immature at this point, there are shotgun sequencing approaches under development to quantify bacterial mRNA expression (metatranscriptomics) and protein expression (metaproteomics). At this point, metatranscriptomic methods are still in their infancy, and given that bacterial transcriptional profiles can change within minutes, sample collection and stabilization are a major hurdle. Another clear caveat of both metatranscriptomics and metaproteomics is limit of detection thresholds. For instance, low abundant gene products in low abundant bacteria will likely be missed, which is less of a limitation with current metagenomic methods. Once properly matured, metatranscriptomic and metaproteomic methods have the potential to strengthen metagenomic approaches because they provide a readout one step closer to the desired functional readouts of bacteria. Another approach to move beyond DNA sequencing approaches that only provide a catalogue of what taxa and genes are present, and not their function, is to employ the complementary approach of metabolomics. Understanding the chemical secretome (natural products, metabolites, and small molecules) originating from our microbial inhabitants is a powerful complementary goal Diverse bacterial ecosystems present in the oral cavity, upper and lower gastrointestinal tract, skin surface, lungs, and almost every exposed orifice studied possess the enzymatic machinery to generate chemically diverse and biologically active metabolites that impact host health and disease. Collectively, human microbiota represent a major contributor to the chemical diversity in the human metaorganism, and many known bacterial metabolites have dedicated host receptor systems that allow for microbe-host cross-talk that modulates human health and disease. because these molecules are the most likely causative links between our microbiome and human disease. Ultimately, combining metagenomic, metatranscriptomic, metaproteomic, and metabolomic platforms are necessary for identifying the disease-causing products from the microbiome and their impact on the human host.
More than any other approach, annotation of the microbial metabolite secretome ( Fig. 1 ) provides the highest likelihood of identifying human relevant drug targets and biomarkers of disease. This is because microbe-derived metabolites can more readily cross host epithelial barriers than microbes themselves, making them the most likely agents to impact host cells, and contribute to disease in organs lacking a resident microbiome. Unfortunately, we are still only scratching the surface in the area of metaorganismal metabolomics. Identification of microorganism-derived metabolites typically couples mass spectrometry or nuclear magnetic resonance (NMR) detection with antibiotics or germ-free experimental conditions. Using such approaches, several recent metabolomics studies have identified disease-associated microbial metabolites (30, 32, 38, 39) . However, our current annotation of the microbial metabolome is vastly incomplete due to the fact that less than 2% of chemical data generated by mass spectrometry can be annotated (40, 41) . The remaining unidentified metabolites that are altered under germ-free or antibiotic-suppressed states represent a treasure trove of potentially biologically active compounds that have the potential to be attractive drug targets. It should also be noted that the above estimates likely vastly underestimate the magnitude of the metabolome, because volatile and poorly ionizing molecular species are typically not even detected by typical mass spectrometry and NMR approaches. Moreover, most studies have thus far focused on fasting samples, with a staggering number of metabolites possible in the postprandial metabolome. To overcome current annotation limitations in analyte structural identification in the typical metabolomics analyses, the field is making rapid advances in database expansion and development, along with dissemination of platforms that allow for more comprehensive curation of mass spectrometry data (42, 43) . As discovery-based metabolomic studies progress, it is important to understand that production of microbial secretory products is quite dynamic and in most cases substratedriven. For example, several well known bacterial metabolites such as short chain fatty acids, secondary bile acids, and trimethylamine N-oxide (TMAO) are produced in greater amounts after ingestion of a meal (44 -46) . In fact, gut microbes represent a filter of our greatest environmental exposure, our diet. Therefore, it is extremely important to consider diet and substrate availability as a major determinant of the microbial metabolome. Unfortunately, almost all germ-free metabolomics studies have been done by feeding rodent chow, which is not standardized in its composition from batch to batch and by no means represents a human relevant dietary milieu. Also, it is important to recognize that careful evaluation of the gut microbial metabolome requires defined dietary conditions where substrates are present at physiologically relevant levels. Ultimately, the identification of disease-causing microbial metabolites, and the host receptors that sense them, is a requisite step in selectively targeting pathways in which microbial products contribute to disease susceptibility or progression in humans. Although there are very few examples where disease-causing microbial metabolites/pathways have been pursued as drug targets, recent progress in the CVD field provides a framework for future microbiome-centered drug discovery.
An early success story of drug discovery in the gut microbial enzymology space: Small molecule inhibition of TMAO production
Within the last 5 years, the gut microbial metabolite TMAO has quickly gained traction as both a strong biomarker for human CVD risk, as well as a contributory participant in the pathogenesis of atherosclerosis (39, (47) (48) (49) (50) (51) (52) (53) (54) (55) (56) (57) (58) (59) (60) (61) (62) (63) (64) (65) , thrombosis (66), heart failure (67) (68) (69) (70) , and chronic kidney disease (71) (72) (73) (74) (75) (76) . In fact, the TMAO pathway is uniquely positioned as one of the first bona fide gut microbiome-centered drug targets with several active discovery programs underway. In support of the notion that drugging of microbial enzymes is a tractable approach, we highlight the gut microbial TMAO pathway because it is one of the first examples where small molecules have been successfully used as a non-lethal microbial pathway inhibitor to attenuate disease progression in preclinical models (56) . The only other known example as of the writing of this review are the seminal studies by Redinbo and colleagues employing selective inhibition of microbial ␤-glucuronidase to attenuate gastrointestinal toxicity of select cancer drugs and non-steroidal anti-inflammatory agents (77, 78) . This latter topic is the focus of another Minireview in this series by Pellock and Redinbo (101), so it will not be further discussed in this review.
Interest in TMAO as a drug target is bolstered by a wealth of recent independent human studies, which have amply demonstrated that elevated circulating TMAO levels are associated with increased risk of CVD in a variety of cohorts (39, (47) (48) (49) (50) (51) (52) (53) (54) (55) (56) (57) (58) (59) (60) (61) (62) (63) (64) (65) . Speaking to its causative role in CVD pathogenesis, experimental elevation of TMAO by dietary provision worsens atherosclerosis, thrombosis, and adverse cardiac remodeling in mice (39, 47, 66, 70, 79, 80) . The TMAO pathway is a diet-driven pathway where nutrients enriched in a Western diet (phosphatidylcholine, choline, L-carnitine, etc.) are metabolized by distinct gut microbial enzyme complexes (CutC/D, CntA/B, and YeaW/X) to generate the primary gut microbial metabolite trimethylamine (TMA). TMA is subsequently metabolized by host enzymes in the liver called flavin-containing monooxygenases to produce TMAO (Fig. 2) . In addition to microbe-derived TMA and TMAO, there are a number of potential dietary sources of TMA and TMAO, such as some cold water-dwelling fish or seafood. Several recent reviews have highlighted the clinical relevance and therapeutic potential of the TMAO pathway in CVD (81, 82) . Briefly, the link between TMAO and CVD risk was first discovered via unbiased and untargeted metabolomic screening of human plasma in stable cardiac patients undergoing elective coronary angiography (39) . Many follow-up studies with independent cohorts have supported the link between TMAO levels and CVD risk in humans (58 -65) and have also confirmed that TMAO feeding worsens cardiovascular phenotypes in mice (70, 79, 80) . However, it is important to note that a few studies report not finding an association between circulating TMAO and CVD risks, although these have tended to be either small or to have low numbers of cardiovascular events (83) (84) (85) . Fulfilling Koch's postulate of disease susceptibility, microbial transplantation studies employing delivery of microbial communities with a high (versus low) capacity to generate TMA and TMAO results in enhancement of atherosclerosis and thrombosis in mice (57, 66) . Reductions in the TMAO levels in animal models, either via genetic approaches or small molecule inhibition of microbial TMA lyase enzyme activity, have both resulted in abrogation of choline diet-dependent enhancement in atherosclerosis and other CVD-related phenotypes (51) (52) (53) 56) . Collectively, the gut microbe-derived metabolite TMAO represents a strong prognostic biomarker and causative agent in atherosclerosis and thrombotic vascular disease. The question that remains is how best to therapeutically intervene on this metaorganismal nutrient metabolism pathway.
Recent proof-of-concept preclinical studies demonstrate that small molecule inhibition of gut microbial TMA lyase enzymes can be a therapeutically tractable approach for attenuating atherosclerosis (56) . By screening structural analogues of choline, a compound (3,3-dimethyl-1-butanol, DMB) was identified to serve as a tool drug to test whether selective inhibition in choline-dependent production of TMA has beneficial effects in murine models of atherosclerosis (56) . Importantly, this inhibitor was effective at suppressing TMA production both in cultured human commensal strains and in vivo in mice. Provision of DMB in apolipoprotein E (apoE) knock-out mice on a choline-or carnitine-supplemented diet was shown to lower systemic levels of TMAO with associated reductions in endogenous macrophage foam cell formation and aortic root atherosclerotic lesion development (56) . This study for the first time showed that small molecule inhibition of a bacterial enzyme activity can retard or prevent atherosclerotic CVD. It thus provides a framework for analogous drug discovery in other microbe-associated diseases.
Although the primary indication for TMA lyase inhibitors would likely be cardiovascular-related, such drugs may also hold promise in several other disease states. For example, elevated TMAO levels have also been linked to both development of chronic kidney disease (CKD) and adverse outcomes in humans (72) (73) (74) (75) (76) . It has long been known that TMAO is actively excreted into the urine, and diminished renal function impedes the proper elimination of TMAO (86) . A metabolomics study in the Framingham population revealed elevated choline and TMAO levels are seen in subjects with normal renal function who are at risk for incident development of CKD (76) . In several large human studies, TMAO has been found to be elevated in people suffering with CKD and who are at risk for cardiovascular disease and its adverse events (71) (72) (73) (74) (75) (76) . Interestingly, animal model studies have shown chronic feeding with either dietary choline or TMAO can result in progressive renal functional impairment and tubulointerstitial fibrosis in mice, with accompanying activation of the phospho-Smad3 pro-fibrotic pathway (71) . In addition to kidney disease, TMAO has also been linked to insulin resistance and type 2 diabetes mellitus (T2DM) by several independent groups (87, 88) . A seminal study by Biddinger and co-workers (53) recently demonstrated that mice with selective hepatic insulin resistance have elevated levels of circulating TMAO. This study demonstrated that male mice lacking the insulin receptor in the liver (LIRKO mice) have a profound up-regulation of the TMAO-producing enzyme FMO3 (flavin monooxygenase 3) in the liver (53) . Furthermore, antisense oligonucleotide-mediated inhibition of FMO3 in LIRKO mice was shown to inhibit TMAO production and to protect against the hyperlipidemic and proatherogenic phenotype of these mice (53) . In agreement, an independent study showed that dietary supplementation with TMAO can exacerbate glucose intolerance in high fat fed mice (89) . Although mechanisms underlying the link between the TMAO pathway and both T2DM and CKD are not known, there is mounting evidence that TMAO may be a contributory factor in the pathogenesis of these common diseases, as well as the CVD-related morbidity and mortality accompanying these disorders. In addition, recent studies suggest TMAO levels may similarly be associated with the presence and severity of non-alcoholic fatty liver disease (18, 23, 24) . TMA lyase inhibition may thus hold promise in the prevention or treatment of these common chronic metabolic disorders that are also frequently associated with atherothrombotic disease risks. Another patient population that could immediately potentially benefit from TMA lyase inhibitors would be those suffering from trimethylaminuria (86) . Subjects with trimethylaminuria typically adopt stringent dietary restrictions in animal products in an effort to limit TMA elevation, although choline is an abundant component of bile (in the form of phosphatidylcholine), and the epithelial cells lining the alimentary tract rapidly turn over, shedding membrane particles into the gut lumen. There thus are ample sources of endogenous TMA precursors even in the most ardent vegan diet, and dietary efforts to limit TMAO production has limits to its potential benefits. When given in combination with a low choline or a low carnitine diet, TMA lyase inhibitors would be predicted to rapidly ameliorate fish odor symptoms in those with primary mutations in FMO3 (86) . Collectively, the TMAO pathway represents one of the first examples where non-lethal drugs targeting microbial enzymes can provide protection against host disease.
Using the metaorganismal TMAO pathway as an example, we now have a methodological framework to identify diseases where "drugging the microbiome" with non-lethal microbial enzyme inhibitors may be of potential benefit. First, we believe it is important that the initial discovery process include human clinical investigations. These are critical in serving as a lens with which to identify microbe-derived metabolites that reproducibly show strong and independent associations with the presence and severity of human disease. It is also extremely important to recognize that untargeted metabolomics studies are semi-quantitative due to the limitations in inclusion of appropriate internal standards before candidate analytes are revealed. It is therefore critical that hypotheses generating untargeted metabolomics studies be subsequently independently validated using robust analytical approaches (e.g. stable isotope dilution mass spectrometry-based) across multiple non-overlapping human cohorts to establish whether the levels of the metabolite can predict future risk of disease, as has been done for TMAO (47-49, 58 -63) . Once clinical relevance is established, mechanistic studies to reveal whether the observed associations are causally linked to the disease process are critical. Testing of the microbial requirement for generation of the metabolite and whether it is directly linked to disease causation can be established by feeding or directly administering the nutrient precursors or the metabolite itself in germ-free or conventionally reared mice (39, 47, 50, 70, 79, 80) . Concurrent with these studies, investigation of the breadth of specific nutrient precursors that can give rise to the microbe-generated metabolite(s) provides insights into the global meta-organismal pathway, its dietary precursors, and substrates to use in both microbial enzyme discovery efforts and drug development efforts. Thus, once disease association and causation are established, it is key to identify relevant microbial communities, participants, and enzymes that are the predominant sources of the metabolite in question using a combination of reference genome mining and microbial biochemical approaches (90, 91) . In parallel, it is imperative to identify microbe host co-metabolites involved in metaorganismal pathways (such as conversion of TMA into TMAO) and whether host receptors exist to sense the metabolites of interest.
With each new gut microbial-derived metabolite identified that reveals mechanistic connection to disease, there may thus exist within the host many additional points of potential therapeutic intervention beyond the microbial enzyme source. Examples can include host enzymes involved in biotransformation of the initial gut microbial metabolite or host receptors or transporters in the pathway. Using the TMAO pathway as an example, there is one known host receptor for TMA identified, TAAR5 (trace-amine associated receptor 5) (92, 93) . TAAR5 is a G-protein-coupled receptor that mediates olfactory recognition specifically of TMA and not TMAO (92, 93) . Unfortunately, the receptor that recognizes TMAO in mammals remains unknown at present but is an obvious potential therapeutic target once identified. It is also possible that TMAO exerts its biological effects by acting as a key osmolyte and protein stabilizer, especially in the renal medulla or papilla (94 -96) . It is important to realize that the human genome presents us with ϳ20,000 protein-coding drug targets. However, current estimates based on large microbiome sequencing consortia estimate that there are likely at least 2 orders of magnitude more bacterial genes in human commensals (97) . Combining both the human and microbial genome repertoire, there is almost unlimited potential for new drug targets. Although the exact numbers of microbial metabolites are not known, bacteria within the Streptomycetaceae family have been estimated to synthesize over a million small molecules themselves (98) . When taking into account the entire human gut microbiome community, the potential chemical diversity is quite staggering.
Concluding remarks
The concept that microorganisms can cause human disease is not new. Beyond infectious diseases, a role for gut microbes in health and disease likewise is not new. For example, over a century ago the Russian zoologist Eli Metchnikoff was awarded the Nobel Prize for his pioneering work in phagocytosis, and in part for his suggestion that human disease originates from "poisoning of the body from bacterial by-products." Unfortunately, Dr. Metchnikoff would be disappointed to know that in 2016 almost all major efforts in drug discovery have instead focused only on host targets. It is hard to fathom that such large-scale efforts have been undertaken for discovery of antibiotics to ameliorate pathobionts (99) , whereas drugs that target microbial metabolites have not been pursued. There is an exciting time ahead for drug discovery, where we target either the gene products of gut microorganisms or associated host enzymes and receptors along discovered metaorganismal pathways linked to disease susceptibility. As we embark on this new frontier, it is essential that we move beyond approaches that merely profile lists of which microorganisms are more or less abundant and instead focus on which microbial genes are being expressed, and more importantly, what bioactive chemicals are being secreted that exert effects on the host and impact human disease. Processes and insights learned during antibiotic drug discovery will no doubt be important in non-lethal targeting of microbial pathways, such as improved understanding of lateral gene transfer and its potential impact on gut microbe metabolite-targeted therapeutics. Furthermore, improved understand-ing of how existing and new small molecule therapeutics affect microbial ecology is another area for investigation. Using mice to model human microbiome-disease pathways no doubt has some limitations because of obvious microbial community structure differences (10 -12) and known differences in innate immune pathways (100) . Nonetheless, by starting with exploratory studies seeking to reveal strong associations between a metabolite of interest and human disease presence and severity, more focused and potentially clinically relevant preclinical animal model studies can be designed.
Although non-selective approaches that broadly alter microbial community structure such as prebiotics, probiotics, and fecal microbial transplantation may have some promise, their rational scientific development is remarkably challenging. Moving toward selective small molecule non-lethal therapeutics that target defined microbial pathways or host participants along discovered causal metaorganismal pathways represents a scientifically manageable approach. This transition is similar to the movement made in the cancer field from broadly cytotoxic chemotherapeutic regimens to carefully targeted small molecule and antibody-based therapeutics. Using small molecules to inhibit gut microbial enzymes for amelioration of disease is tractable (56) . In fact, drugging gut microbiome enzymology potentially represents an ideal scenario if such small molecules can be designed to avoid systemic absorption or exposure, thereby minimizing the potential for host side effects and avoiding development of unanticipated adverse side effects from altering the microbial community. As such small molecule drug discovery efforts advance, it will be extremely important to understand the effects of such drugs on microbial ecology and whether resistance to small molecule therapeutics will arise with chronic exposure. Drug discovery advances in the microbiome space are being aggressively pursued and will require a multidisciplinary approach. Initial discovery efforts require access to well annotated clinical repositories with deep phenotype, expertise in untargeted metabolomics, and compound identification to unambiguously associate metabolite levels with human disease, microbial enzymology, and clinical chemistry, coupled with complementary metagenomics, metatranscriptomics, and bioinformatics to facilitate both microbial and host enzyme and transporter/receptor participation. Such studies are daunting because of the diverse skill sets needed to make meaningful connections. However, it is these types of multidisciplinary studies that form the basis for therapies for the next generation where we selectively yet non-lethally target enzyme pathways within the microorganisms that inhabit us to make the human part of us thrive.
